INTRODUCTION {#sec1-1}
============

Antithrombin (ATIII), a member of serine protease inhibitor (serpin) super family of proteins, is the principal inhibitor of many coagulation proteases, especially factor Xa and thrombin.\[[@ref1][@ref2]\] It plays a critical role in the prevention of thrombosis by regulating these key enzymes of coagulation cascade.\[[@ref3]\] However, its reaction with both the proteases is very slow under physiological conditions unless activated by its physiological activator heparin or heparin sulfate. Heparin accelerates the antithrombin inhibition of these proteases by several 100-folds which forms the basis of heparin based anticoagulant therapy.\[[@ref4][@ref5]\]

In the absence of its cofactor heparin, two residues, P14 and P15 (Gly379-Ser380) at the N-terminal of the reactive center loop (RCL) of antithrombin are embedded within the body of the antithrombin owing to its minimal rate of factor Xa inhibition.\[[@ref2]\] The accelerating effect of heparin on the inhibition of the substrate proteases is achieved by an allosteric activation of antithrombin for inhibition of factor Xa and via a bridging mechanism by the formation of a ternary complex between antithrombin, thrombin and heparin for the efficient inhibition of thrombin. The conformational activation of antithrombin induces approximately 300-folds faster inhibition of factor Xa, while the bridging mechanism contributes a massive, approximately 2500-folds acceleration of thrombin inhibition.\[[@ref6][@ref7]\] Although the pentasaccharide suffices for the accelerated inhibition of factor Xa, for the bridging mechanism, a minimum of 18 saccharides including the pentasaccharide sequence is critical for achieving heparin mediated thrombin inhibition \[[Figure 1](#F1){ref-type="fig"}\].\[[@ref8][@ref9][@ref10]\]

![The structure of an antithrombin--thrombin--heparin ternary complex taken from PDB 1TB6 (a) and antithrombin factor Xa--pentasaccharide complex taken from PDB 2GD4 (b) Shows the crystal structures of the Michaelis complex between (a) antithr mbin--thrombin--heparin ternary complex taken from PDB 1TB6 and (b) antithrombin factor Xa--pentasaccharide complex taken from PDB 2GD4. Thrombin inhibition involves non-allosteric activation, figure shows that thrombin inhibition occurs due to the interaction of thrombin and AT with full-length heparin through a bridging mechanism of activation. Some negative charges available at the full-length heparin chain binds non-specifically to the exosite (positively charged region) of thrombin. Inhibition of factor Xa involves allosteric activation by a heparin pentasaccharide. Circulating ATIII interacts with the high affinity pentasaccharide sequence in full-length heparin via the heparin-binding site forming a complex with endothelial heparin, this leads to the exposure of the RCL, which recognizes factor Xa and is known to provide a conformational activtion mechanism. Molecular graphic images were produced using the UCSF Chimera package from the Resource for iocomputing, visualization and informatics at the University of California, San Francisco](JNSBM-5-36-g001){#F1}

The heparin binding site (HBS) of ATIII is comprised of positively charged residues of helices A and D and the N-terminal region.\[[@ref11]\] A specific sequence and sulfation pattern present in a fraction of heparin and heparin sulfate (DEFGH) chains promote a high affinity interaction by inducing a large-scale conformational change in antithrombin. DEFGH binds to pentasaccharide-binding site (PBS) of ATIII in the domain comprising positively charged residues: Arg47, Lys114, Lys125 and Arg129. On the other hand, the full-length heparin in addition to PBS binds to the extended region formed by Arg132, Lys133 and Arg136 at the C-terminal end of helix D, known as extended heparin binding site (EHBS).\[[@ref11][@ref12][@ref13][@ref14][@ref15][@ref16][@ref17][@ref18]\] The conformational changes on account of heparin binding include extension of helix D by forming a 2-turn helix (helix P) at the N-terminal end, straightening of a small kink which is present in helix D prior to heparin binding and a 1.5-turn extension of helix D toward the C-terminal end.\[[@ref11][@ref19]\] These changes in the HBS are also conferred to the RCL\[[@ref20]\] \[[Figure 2](#F2){ref-type="fig"}\].

![Conformational changes in cofactor (heparin) bound antithrombin and residues involved in cofactor interaction. Structures of native and pentasaccharide bound forms of antithrombin. Antithrombin is depicted in cartoon diagram in its (a) native (1E05) (b) and pentasaccharide bound activated (1E03). The native (1E05) circulating antithrombin in blood shows several regions that are important in controlling and modulating conformational changes. The reactive center loop (RCL) is involved in protease recognition and conformational transformation as strand 4A after inhibition. (a, b) Shows the key structural differences between native and pentasaccharide bound states. It illustrates the heparin-dependent conformational changes in antithrombin, like extension of helix D by forming a 2-turn helix (P helix) at the N-terminal end, a 1.5-turn extension of helix D toward the C-terminal end. Movement of strand 3A and strand 5A and expulsion of RCL. The P1-P1' (Arg-Ser) residues and the heparin pentasaccharide are shown as balls and sticks, respectively. (b, c) Shows the basic residues in the heparin-binding site (HBS) that interacts with the pentasaccharide (the HBS is indicated by a box in (b)): Lys-11 and Arg-13 in the N-terminal end; Arg-46 and Arg-47 in the helix A; and Lys-114, Phe-121, Phe-122, Lys-125 and Arg-129 in the region of the helix D. The figures were produced using Chimera](JNSBM-5-36-g002){#F2}

Although heparin is being used as the main stay of anticoagulant universally for the past 7 decades, it is beset with many complications including hemorrhage, thrombocytopenia, osteoporosis and inconsistent patient response, owing to its polyanionic, polymeric and polydisperse nature.\[[@ref21][@ref22][@ref23][@ref24]\] In order to reduce the side effects of heparin, several non-heparin based small molecules have been investigated for their antithrombin activation potential,\[[@ref25][@ref26][@ref27][@ref28][@ref29][@ref30]\] where the elementary precept of these studies is the heparin/pentasaccharide--antithrombin interaction mechanism. It has also been proved that ATIII binds to a specific site on the heparin molecule and that the anticoagulant activity of heparin should be related to the probability of finding this site in the molecules of the preparation.\[[@ref31]\] Frequent attempts have been made so far towards the design of non-heparin activators of ATIII.\[[@ref25][@ref26][@ref27][@ref28][@ref29][@ref30]\] A computational approach in the initial screening strategy is an ideal method for discovering lead scaffolds.

Binding specificity of various polyphenolic scaffolds to antithrombin in the HBS is the best indicator of its conformational activation potential. In this study, we propose that a theoretical screening approach for identifying alternative non-heparin activators of antithrombin for factor Xa inhibition is an ideal strategy to identify lead compounds and modify them for an appreciable activation of antithrombin. A screening strategy has been applied using a blind docking protocol to find the binding energy and interactions of the modified versus unmodified organic scaffolds. We chose some representative organic compounds that have been shown to be involved in coagulation modulation by affecting antithrombin.

MATERIALS AND METHODS {#sec1-2}
=====================

Ligand and protein preparation {#sec2-1}
------------------------------

The X-ray crystal structure of antithrombin 1e05\[[@ref32]\] was acquired from research collaboratory for structural bioinformatics (RCSB) (<http://www.rcsb.org/pdb/>). I chain which is the inhibitory monomer chain was extracted from the dimeric structure and used as a representation for the native conformation. The structures of the non-sulfated parent ligands were acquired from National Center for Biotechnology Information (NCBI) Pubchem compound (<http://www.ncbi.nlm.nih/pccompound>). The hydroxyl groups in each parent molecule were substituted by a sulfate group (OSO~3~^−^) to generate the corresponding polysulfated ligands \[[Figure 3](#F3){ref-type="fig"}\]. The corresponding modified structures (sulfates) were drawn in ChemDraw 3D ultra 8.0 software (Molecular Modeling and analysis; Cambridge soft Corporation, USA \[2003\]).\[[@ref33]\] The 3-dimensional coordinate files in protein data bank (PDB) format of these ligands were generated using the NCI\'s Online SMILES Translator and Structure File Generator.\[[@ref34]\] Autodock 4.0 was used for molecular docking of the ligands/organic scaffolds to ATIII.\[[@ref35]\] Antithrombin (1e05) pdb file was imported into Autodock tools (ADT), all water molecules were removed, polar hydrogens were added, kollman charges were assigned to all atoms and Gasteiger charges were calculated. The ligand pdb files were also imported into ADT, polar hydrogens were added and Gasteiger charges were calculated; the rigid root and the rotable bonds were defined by the Autotors tool of ADT. Affinity grids with grid maps of 58 × 60 × 58 points and 1.00Å grid point spacing were centered on whole protein encompassing the active site using the autogrid tool of ADT.

![Molecular structures of some native and sulfated ligands. The structures were drawn in ChemDraw Ultra 8.0, all the hydroxyl (-- OH) groups in the parent compounds were substituted by sulfate (--OSO~3~^−^) groups to generate the corresponding polysulfated molecules](JNSBM-5-36-g003){#F3}

![Binding affinity and polar contacts of native and sulfated quercetin and diosmin with antithrombin. Binding affinity and polar contacts of native and sulfated quercetin (a, b) and diosmin (c, d) with antithrombin. Images of ligand and antithrombin (1E05 I chain) bound complexes were prepared in PyMOL program and polar contacts between them were noted down. The structures were drawn in ChemDraw Ultra8.0. All the hydroxyl groups in each parent are substituted by a sulfate group (OSO3^−^) to generate the Corresponding polysulfated ligands](JNSBM-5-36-g004){#F4}

Docking {#sec2-2}
-------

Autodock was used to evaluate ligand binding energies over the conformational search space by Lamarckian genetic algorithm with long run using maximum evaluations over a population of 150 individuals. Default docking parameters were used (population size of 150 individuals, maximum number of energy evaluations 25,000,000, maximum number of generations 27,000, elitism (the number of top individuals that are guaranteed to survive into the next generation) of 1, mutation rate of 0.02 and a crossover rate of 0.8). In the output log file, we have considered the minimum energy conformation state of each ligand showing binding affinity in kcal/mol. Root mean square deviation (RMSD) values were calculated relative to the best mode and used only movable heavy atoms. Images of ligand and antithrombin (1E05 I chain) bound complexes were prepared using PyMOL program\[[@ref36]\] and polar contacts between them were noted down.

RESULTS {#sec1-3}
=======

Flavonoids, xanthones, dihydroxybenzofurans (DHP) and tetrahydoisoquinoline were sulfated at specific location to target antithrombin to compare their binding energies and specific interactions with their corresponding non-sulfated molecules. The interactions computed using Autodock have shown that blind docking can easily distinguish between the changes in specificity due to sulfation.

The results shown in [Table 1](#T1){ref-type="table"} and [Figure 4](#F4){ref-type="fig"} indicate that the specificity of flavonoids can shift either away or inside the HBS on account of sulfation. Quercetin on sulfation showed affinity towards heparin-binding residues in the helix A, helix D and N-terminal, whereas the unsulfated quercetin binds away from the HBS. Sulfation in diosmin increased the overall binding in the HBS with involvement of helix A, helix D and N-terminal residues. In contrast to these, hesperetin shifted its binding away from the HBS on sulfation \[[Figure 4](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}\]. Non-sulfated hesperetin binds ATIII in strand 2A in the EHBS region which is involved in the propagation of conformational change on account of heparin binding. Sulfation of hesperetin switches the affinity away from the HBS where it now binds the C-sheet with a binding energy of -6.8 kcal/mol.

###### 

Comparison of minimum binding energies and interacting residues of ligands and their corresponding sulfates with antithrombin

![](JNSBM-5-36-g005)

###### 

Change in binding specificity with respect to varying degree of sulfation in quercetin

![](JNSBM-5-36-g006)

Non sulfated ligands; quercetin, rutin, mangiferin, isomangostin, trapezifolixanthone and benzofuran bind away from the HBS, however, a sulfation-induced switch in the binding specificity takes place where their corresponding sulfated ligands bind specifically in the HBS. Significant increase in the binding energy is observed in rutin for the HBS on account of sulfation. These results indicate that sulfated quercetin, diosmin & rutin and unsulfated hesperetin are effective leads for enhancing ATIII-dependent factor Xa inhibition rates.

We also determined whether the specificity switch takes place on complete sulfation or gradually with the increasing extent of sulfation. Quercetin with 1, 2, 3, 4 and sulfate groups were docked with antithrombin \[[Table 2](#T2){ref-type="table"}\]. The results showed that a gradual increase in the extent of sulfation switches the specificity to the HBS with progressive increase in the binding energy. Binding energy of quercetin with maximum sulfation is highest with involvement of N-terminal, helix A and helix D in binding. These results clearly indicate that a sulfation based specificity switch either inside or away from the HBS can be used as an initial screening to test a range of organic scaffolds. Specific increase in the affinity on account of sulfation or other modifications can also be detected.

DISCUSSION {#sec1-4}
==========

The functional mimics of heparin without its adverse effects are highly desirable as alternative therapy for antithrombin activity modulation. Heparin polysaccharide is decorated by numerous ionic groups, viz sulfate and carboxylate groups. The average disaccharide in heparin contains 2.5 sulfate groups and a carboxylate group with an average charge density of approximately 0.4-0.5 charges per Å.\[[@ref37]\] It has been observed that replacing a specific sulfate group of the pentasaccharide with a phosphate group dramatically reduces its antithrombin binding. Therefore, it is strongly believed that replacing the sulfate groups in the binding domain of heparin with other anions nullifies its anticoagulant activity.\[[@ref27]\] The free energy of binding of antithrombin--heparin interaction is a cumulative of 40% ionic and 60% non-ionic interactions.\[[@ref37]\] The contribution of non-polar residues is maximal, the non-ionic interaction involving non-polar groups continue to remain largely unknown. Although extensive literature is available about the contribution of positively charged residues, arginine and lysine in the heparin-binding domain of antithrombin are involved in initial heparin binding and conformational activation.\[[@ref38]\] The molecular basis of the predominant non-ionic contribution in heparin interaction needs to be determined for more appropriate design considerations.

Sulfated organic molecules are gaining importance as modulators of many physiological processes, including inhibition of coagulation. Based on various organic scaffolds, many molecules have been designed which demonstrate antithrombin activation, the key tenet of these newly designed synthetic antithrombin activators is the requirement of high sulfate content and appropriate charge density. Non-saccharide organic scaffolds may lead to new anticoagulants with effective safety profiles. These scaffolds with lesser charge density compared to heparins are anticipated to recognize antithrombin with higher non-ionic binding energy and may be expected to cause minimal cross-reactivity with other proteins. Flavonoids, xanthones and tetrahydoisoquinoline scaffolds show promise when sulfated at specific locations.

CONCLUSION {#sec1-5}
==========

Non-heparin based conformational activators of antithrombin that can enhance factor Xa inhibition activity without the underlying side effects are envisaged to be of great importance in anticoagulation therapy. However, lack of understanding of its specificity and structure function modulation of antithrombin hampers the screening of a large range of compounds. A screening strategy to test and increase binding specificity is a better option to test a large range of compounds before undertaking elaborative experimental studies.
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